dropout following PVE are disease progression, medical comorbidities, and insufficient hypertrophy. The frequency of insufficient hypertrophy precluding definitive resection is only 0.6-3.6% [6, 7] . In these few cases, there are options to stimulate additional liver growth. Our purpose is to review the state-of-the-art technique associated with high-quality PVE and to discuss options to improve hypertrophy of the FLR.
Introduction
Postoperative liver insufficiency is a severe, life-threatening complication following surgical resection for primary and secondary liver cancer. The mortality following major liver resection ranges from 3.2 to 7% for patients with non-injured liver and up to 32% for patients with cirrhosis [1] [2] [3] . Most cases of mortality can be attributed to postoperative liver failure, which is related to the size and function of the liver remnant [4] . Preoperative portal vein embolization (PVE) increases the size of the future liver remnant (FLR) and is associated with an overall morbidity of 21.7% and an overall mortality of 3.3% following major liver resection [5] . PVE induces sufficient liver hypertrophy to allow 78-80% of patients to undergo major hepatectomy [6, 7] . The main causes of patient Technique PVE can be performed with intravenous moderate sedation or general anesthesia. There is no consensus on the use of prophylactic antibiotics. If an antibiotic is administered, a single dose can be administered within 1 h of the procedure. A common choice is ceftriaxone (1 g intravenous) or vancomycin (15 mg/kg) if the patient is penicillin-allergic. Unlike TAE, there have been no reports of patients with prior biliary manipulation who develop an abscess following PVE.
PVE can be performed via a surgical transileocolic or percutaneous transhepatic approach. In a meta-analysis, Abulkhir et al. [18] found that the FLR hypertrophy was significantly higher using the transhepatic technique with no significant difference in major complications. Percutaneous ultrasound-guided transhepatic access into the portal system can be performed from the contralateral or ipsilateral side of the liver to be resected [19] . Advantages of contralateral liver access (i.e. access through the FLR) are i) ease of manipulating the catheter into the right liver lobe, ii) deployment of embolic material in the direction of portal blood flow, and iii) avoidance of puncturing tumors in the right hepatic lobe. Disadvantages include difficulty with maneuvering a catheter into the anterior branches of S4 and potential injury to the FLR. The technical challenge of embolization of the right portal vein branches from a peripheral right portal vein access can be mitigated with the use of reverse-curve catheters (e.g. SOS-2 Omni ® Catheter, AngioDynamics, Queensbury, NY, USA). It should be noted that studies by Ribero et al. [20] and Di Stefano et al. [21] showed no difference in the type or rates of complications between contralateral or ipsilateral liver access.
The nuances of our technique for PVE at The University of Texas MD Anderson Cancer Center have been previously described [22] . In brief, access to a peripheral branch of the ipsilateral portal system can be obtained with ultrasound guidance. Follow ing placement of a 6-French vascular sheath, an Omni TM flush catheter (AngioDynamics) is placed at the splenic vein-superior mesenteric vein confluence. Venogram is performed in the anterior-posterior, oblique, and craniocaudal projections to delineate the S4 portal veins as well as separate the anterior and posterior right portal vein branches. Measurement of portal pressures should be performed as this may influence the decision of whether to operate. Patients with portosystemic gradients >12 mm Hg are at major risk of perisurgical complications [23] [24] [25] . PVE should increase the portosystemic gradient by 3 mm Hg [23] . However, the effect of increased portal pressures following PVE on FLR hypertrophy, surgical outcomes, and evolution of portal hypertension is unclear.
PVE has been successfully performed with multiple agents either alone or in combination: particulates (i.e., polyvinyl alcohol (PVA) or trisacryl gelatin microspheres), n-butyl cyanoacrylate (NBCA), absorbable gelatin, ethanol, fibrin glue, and sclerosants (e.g. Aethoxysclerol/air-foam) [5] . Embolization should be permanent and as far distal as possible. Proximal embolization with coils without more distal particulate or liquid embolization allows intraparenchymal shunts to develop and limits FLR hypertrophy [22] . Of the various embolic agents, absorbable gelatin is associated with portal venous recanalization as early as 2 weeks following embolization [19, 26] . In a report of 44 patients, Madoff et al. [27] found larger FLR hypertrophy following right portal vein embolization (RPVE) extended to segment 4 (RPVE+4) with trisacryl microspheres (100-700 μm) when compared with PVA particles (355-1,000 μm). The two most commonly used agents used for portal venous occlusion are i) trisacryl microspheres with coil occlusion of the proximal right portal vein trunk and ii) NBCA (Histoacryl ® , B Braun, Melsungen, Germany) mixed with ethiodized oil (Lipiodol ® , Guerbet, Roissy, France). When performing particulate embolization with trisacryl microspheres, most surgeons will start with 100-300 μm particles, increasing in a stepwise fashion to 500-700 μm particles as hepatopedal flow is reduced. Coils are then placed at the origin of the segmental portal veins. Coil or vascular plug occlusion of the main right portal vein is an acceptable alternative to segmental venous coil occlusion so long as the operator can preserve at least 1 cm of patent right portal vein to facilitate surgical ligation. NBCA embolization involves injection of small aliquots of NBCA mixed with ethiodized oil in ratios of 1: 2-1: 8 with copious intermittent flushing using a nonionic solution such as 5% dextrose to prevent premature NBCA polymerization [22, 28] . In practice, a 1-3 ml syringe containing the NBCA mixed with ethiodized oil is connected to a 3-way stopcock in addition to a 20 ml syringe containing 5% dextrose. The main advantages of NBCA embolization are shorter procedure times, permanent aggressive distal embolization, and lower cost. It should be noted that NBCA induces a strong inflammatory response which can make resection more technically challenging [19] . Many embolic agents have been used to successfully increase the size of the FLR. Operator familiarity and experience with the embolic agent is of utmost importance to ensure precise delivery and preservation of non-targeted branches. RPVE should be readily extended to segment 4 portal veins (RPVE+4) to enhance the degree of hypertrophy for segments 2 and 3. In a study of 73 patients who underwent RPVE (n = 15) or RPVE+4 (n = 58), volumes of segments 2 and 3 increased more in the RPVE+4 group (mean 141 ml for RPVE+4 compared to 106 ml for RPVE alone; p = 0.044). No significant differences between complication rates were identified [29] . Prior to embolization of segment 4, dedicated left portal venogram should be performed to delineate anatomy and patency. From an ipsilateral approach, segment 4 embolization is performed prior to RPVE as manipulating a catheter through an embolized right liver could cause dislodgement of embolic particles. Catheterization of segment 4 is performed with a Cobra-2 catheter (AngioDynamics). To prevent reflux of particles into the FLR, distal embolization is performed through a microcatheter. Alternatively, a balloon occlusion catheter can also be used to prevent reflux into the FLR ( fig. 1 ). Coil embolization is then performed with pushable or detachable 0.018" microcoils (VortX, Interlock-18, Boston Scientific, Malborough, MA, USA). Operators who perform RPVE with NBCA mixed with ethiodized oil will often use particles and coils to embolize S4 branches because of the increased control offered by these agents.
The embolization endpoint for PVE should be complete stasis.
Termination of embolization prior to this endpoint incurs the risk of incomplete embolization and vessel recanalization, which limits hypertrophy ( fig. 2 ). Assessment of stasis can be performed with portal venography. Theoretically, performing a post embolization venogram from an ipsilateral access requires manipulation of a catheter through the embolized lobe. In our practice, we generally advance the reverse-curve catheter used for particulate and coil embolization of the right portal vein into the main portal vein without changing to a multi-sidehole catheter. This allows for completion venography and measurement of post-embolization portal pressures while mitigating the risk associated with catheter manipulation and exchange.
Complications
In a large review of 1,179 patients who underwent PVE, van Lienden et al. [5] calculated a procedural-related mortality of 0.1% and a major complication rate of 0.4%. Major complications included vascular injury, biloma, infection, non-target embolization, portal/mesenteric venous thrombosis, and portal hypertension. Minor complications were generally self-limited and included fever (36.9%), elevation of transaminases (34.8%), abdominal discomfort/pain (22.9%), nausea/vomiting (2.0%), and ileus (1.2%).
Options to Improve Future Liver Remnant Hypertrophy

Intra-Portal Administration of Stem Cells
To improve FLR hypertrophy following PVE, Schulte am Esch et al. [30] performed a study on 22 patients comparing PVE in combination with simultaneous administration of CD133+ bone marrow stem cells versus PVE alone. The authors found an absolute gain of 138.66 ± 66.29 ml in the PVE and stem cell group compared with 62.95 ± 40.03 ml in the PVE alone group (p = 0.004). These results corroborated an earlier pilot study conducted by Fürst et al. [31] in which the relative gain in FLR volume for patients administered stem cells following PVE (n = 6) was 77.3 ± 38.2% compared with 39.1 ± 20.4% for patients following PVE alone (n = 7) (p = 0.039). While the data is encouraging, several issues should be investigated prior to widespread adoption. The efficacy of this technique in patients with diabetes mellitus, chronic liver disease, and prolonged chemotherapy is unknown. There is also the possibility that administration of bone marrow stem cells may enhance tumor progression [32] .
Dietary Supplementation
Dietary supplementation to improve the hypertrophic effect of PVE is an area of active research. In a preclinical study using New Zealand White rabbits, Olthof et al. [33] found that administration of obeticholic acid (OCA, potent farnesoid X receptor agonist) in addition to PVE resulted in FLR hypertrophy of 56.1 ± 20.3% compared to 26.1 ± 15.4% for control animals who underwent PVE only (p < 0.001). The number of Ki-67-positive hepatocytes was 1.6-fold higher in the animals administered OCA (p = 0.045), indicating a stronger hyperplastic hepatocyte response. Beppu et al. [34] conducted a small randomized clinical study in which one cohort (n = 13) was administered branched-chain amino acid dietary supplements (LIVACT ® , Ajinomoto, Tokyo, Japan) before PVE and continued for 6 months following liver resection compared to another cohort (n = 15) who underwent PVE without dietary supplementation. Functional liver regeneration was assessed by liver uptake on Technetium-99m (Tc-99m) galactosyl human serum albumin scintigraphy. The authors found that the liver uptake value increased 266.7% in the branched-chain amino acid + PVE group compared to 77.6% for the PVE alone group (p = 0.04). While ad- ditional research is needed, dietary supplementation is an intriguing field which may improve the hypertrophic and functional response of the FLR following PVE.
Sequential TAE and PVE
PVE reproducibly increases the size of the FLR though the degree of hypertrophy is variable, especially in patients with chronic liver disease [3] . Furthermore, for patients with hepatocellular carcinoma (HCC) and liver cirrhosis, arterioportal shunts in tumors may attenuate the hypertrophic effect of PVE. It has been shown that sequential TAE followed by PVE increases the rate of FLR hypertrophy more than PVE alone (table 1). The benefits of this dual technique are improved FLR hypertrophy relative to PVE alone and induction of an anti-tumor effect in the embolized lobe [35, 36] . For safety purposes, tumor embolization should be performed as far distally as possible, and liver functional tests should be allowed to normalize prior to PVE. Despite this cautious approach, Aoki et al. [36] demonstrated areas of segmental infarction within noncancerous liver of resected liver specimens. While embolization of the hepatic artery prior to PVE is an effective adjunctive technique, it should be performed carefully, since many of these patients have pre-existing liver dysfunction.
Sequential PVE and TAE
Definitive hepatectomy following PVE may not be possible because of disease progression, medical comorbidities, and insufficient hypertrophy of the FLR. For patients with HCC, TAE may be the next therapeutic option. A prior report by Kang et al. [37] showed that PVE followed by subselective TAE is a safe and effective technique to treat HCC. In addition to locoregional management of liver cancer, several small studies postulate that subsequent arterial embolization following PVE may further augment FLR hypertrophy [38] [39] [40] [41] . Inaba et al. [39] found a change in FLR of 1.4 times that of the original level for combined PVE followed by TAE (n = 4 patients) compared to a change in FLR of 1.3 times that of the original level for the PVE-only group (n = 6). As expected, sequential PVE followed by TAE is associated with hepatic infarction and abscess formation [37, 38, 41] . To mitigate these risks, operators need to consider the type of embolic material, territory of embolization, and embolization endpoint carefully. The data currently available do not support any particular regimen. It is imperative that patients who undergo this sequential procedure be carefully selected and monitored following embolization.
Sequential PVE and Hepatic Vein Embolization
Hepatic vein embolization (HVE) following PVE induces further damage to the embolized lobe by increasing outflow obstruction, which obstructs arterial inflow and further decreases any residual portal blood flow. Hwang et al. [42] demonstrated the initial safety and efficacy of this technique in 12 patients with hepatobiliary malignancy. Because of insufficient FLR hypertrophy following RPVE, patients underwent right HVE ( fig. 3) . A vascular plug was placed at the central portion of the right hepatic vein, and all sizeable branches were embolized with coils. In a subsequent study, Hwang et al. [43] treated 42 patients over an 8-year period with insufficient FLR hypertrophy following PVE with adjunctive HVE. 33 (78.6%) of the patients had cholangiocarcinoma. The degree of FRL hypertrophy for this cohort was 13.3% following PVE and 28.9% following PVE-HVE. There were no procedural-related complications. As expected, histologic examination of the liver from resected specimens showed increased apoptosis in areas affected by both PVE and HVE compared to areas affected by PVE alone [42, 43] . Though the current clinical experience is limited, HVE following PVE appears to be effective and well-tolerated by patients with insufficient FLR hypertrophy following PVE.
Simultaneous PVE and HVE (Liver Venous Deprivation)
Liver venous deprivation (LVD) builds upon the earlier work by Hwang et al. [43] . The technique involves RPVE and embolization of the right and/or middle hepatic vein during the same procedure. An initial pilot study involving 7 patients by Guiu et al. [44] reported an FLR increase from 28.2% (range 22.4-33.3%) to 40.9% (range 33.6-59.3%) at 23 days following LVD. In a follow-up study of 10 patients, FLR volume increased by 53.4% as early as 7 days following LVD. Liver function as measured by Tc-99m mebrofenin hepatobiliary scintigraphy increased by 64.3% (range 28.1-107.5%) at day 21. The procedure was relatively well-tolerated. Patients complained of fatigue (n = 2), fever (n = 3), and pain for 24 h (n = 6). Histology in the embolized lobe revealed sinusoidal dilatation, hepatocyte necrosis, and atrophy [45] . In another small study involving 7 patients, Le Roy et al. [46] [44] [45] [46] . While these early results with LVD are encouraging, comparison studies are necessary to evaluate the additional benefit provided by simultaneous PVE and HVE.
Sequential PVE and Parenchymal Liver Transection ('Salvage' ALPPS)
'Salvage' ALPPS (associating liver partition and portal vein ligation for staged hepatectomy) involves parenchymal transection along the FLR margin. This procedure has been reported for patients with insufficient FLR hypertrophy following PVE [47] [48] [49] . Mean FLR hypertrophy after sequential PVE and ALPPS ranges from 57 to 65% [48, 49] . A recent consensus statement from an international expert meeting on ALPPS recommended that adjunctive ALPPS can be considered for patients with insufficient hypertrophy following PVE.
There are no prospective randomized clinical studies to prove the efficacy of PVE to prevent post-resection liver insufficiency or failure. As a result, physicians' knowledge and attitudes towards PVE are formed largely from retrospective data and personal experience. In a multinational study involving 54 institutions, Day et al. [50] found significant variability in surgeons' utilization of and attitudes towards PVE for FLR hypertrophy. Institutions capable of performing high-quality PVE (i.e. RPVE+4 and embolization with a permanent embolic agent such as trisacryl microspheres) were significantly associated with the subjective impression of a higher likelihood of FLR hypertrophy. The authors postulate that institutions without access to high-quality PVE are more likely to turn to the ALPPS procedure. Thus, it is important that for each case of insufficient FLR hypertrophy, the technique and materials used during PVE should be re-evaluated to assess whether liver growth was suboptimal because of technique or an intrinsic problem of liver regeneration. Research focused on patient selection will help to ensure that patients are provided upfront with the safest and most effective modality to maximize FLR hypertrophy.
Conclusion
PVE has improved the safety profile for patients who undergo partial hepatectomy for more than 20 years. The technical and clinical success rate of PVE for the induction of FLR hypertrophy is high [6, 7] . Nonetheless, the degree of hypertrophy among patients is variable and may depend on multiple factors, including technical aspects of the procedure and underlying chronic liver disease. Adjunctive techniques to further improve FLR hypertrophy are becoming more prevalent. These interventions will continue to improve patient safety while eliminating cases of insufficient liver hypertrophy.
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